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In this paper, a combination of experimentation and analysis is used to identify and study the mecha-
nisms that govern the failure of tungsten fiber reinforced Zr4; ;Ti;3.8Cu10Nij2.5Bexss bulk metallic glass
composite. In the experimental part, quasi-static and dynamic compressive behaviors of this composite
with various fiber volume fractions were systematically investigated. For this composite under uniaxial
compression, both the microstructure and strain rate are found to affect the compressive failure behavior.
With the increasing fiber volume fraction, or with the decreasing strain rate, the failure mode of the com-
posite switches from shear to splitting. Motivated by the experimental findings, an energy competition
mechanism is proposed to unveil these fundamental behaviors of the tungsten fiber reinforced bulk
metallic glass composite. The critical energy dissipations for shear banding and splitting of the composite
are derived as the functions of tungsten fiber volume fraction and strain rate. It is found that the failure
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behavior of the composite is decided by the energy competition between shear banding and splitting.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) are known for their excellent
properties including high fracture strength, high hardness, large
elastic deflection (Chen, 2008; Lewandowski, 2001; Trexler and
Thadhani, 2010; Wang et al., 2009; Gu et al., 2010; Wang, 2012).
However, at temperatures well below the glass transition and at
high stresses, BMGs undergo inhomogeneous deformation by con-
centrating severe plastic strain into nanoscale shear bands (Jiang
et al.,, 2008a; Lewandowski and Greer, 2006; Yang et al., 2005;
Dai et al., 2005; Greer et al., 2013; Spaepen, 1977; Argon, 1979;
Yang et al., 2006; Xu and Ma, 2014). This renders BMGs very lim-
ited ductility before catastrophic failure, severely impeding further
exploitation of this class of advanced materials. Many investigators
have made their efforts to improve the ductility of BMGs (Liu et al.,
2007; Yao et al., 2006; Das et al., 2005; Hays et al., 2000; Liu et al.,
2005a; Chen et al., 2013). The intrinsic approaches include alloy
modification. Lewandowski et al. (2005) proposed the correlation
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between the intrinsic plasticity or brittleness of the BMGs with
the ratio of the elastic shear modulus u to the bulk modulus B.
For metallic glasses alloyed with elements with low u/B (or, equiv-
alently, high Poisson’s ratio) as constituents, the ductility/tough-
ness improves a lot. However, BMGs with high u/B (or, low
Poisson’s ratio) exhibit brittle behavior. Gu et al. (2008) also found
that the plasticity of BMGs increased with the decrease in shear
modulus. Furthermore, they proposed that the plasticity can be
significantly improved by chemically tuning the elastic properties
which are determined by the amorphous structure and chemical
bonding. The extrinsic approaches to improve the plasticity of
BMGs are exploring BMG composite. By introducing in situ or ex
situ second phases (and/or particles) into the BMG matrix, the
BMG composite has yielded improvements in tensile and compres-
sive strains to failure (Hays et al., 2000; Qiao et al., 2011; Yim et al.,
1999; Hofmann et al., 2008a; Martin et al., 2009; Wu et al., 2011;
Chen et al., 2013; Hofmann et al., 2008b). For instance, the in situ
Zr-based BMG composite shows the tensile fracture strain as high
as 10% (Wu et al., 2010; Hofmann et al., 2008a). The increase in
ductility has been attributed to that the second phase can restrict
the propagation of shear band, and on the other hand, promote
the generation of multiple shear bands. These multiple shear bands
can accommodate much plastic strain, which contributes to
macroscopic plasticity.
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Fig. 1. Microstructures of the tungsten fiber/Vit 1 BMG composite with different fiber volume fractions. (a) 40% V;. (b) 60% Vy. (c) 80% Vy.
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Fig. 2. (a) Transverse tensile stress-displacement curve of the composite with 80% V. The insert shows the dimensions of the tested specimen. (b) Comparison of the
transverse tensile strength with the longitudinal tensile strength obtained from previous studies. (c) Specimen of the composite after fracture. (d) Magnified image

corresponding to the marked areas in (c).

The tungsten fiber reinforced BMG composite was first fabri-
cated by Dandliker et al. (1998). This composite demonstrates con-
siderable plasticity under both quasi-static and dynamic
compression (Conner et al., 1998; Qiu et al., 2002; Wang et al.,
2006; Hou et al.,, 2007; Wang et al., 2007; Zhang et al., 2009).
Furthermore, under high speed impact, this composite exhibits
“self-sharpening” behavior, resulting in a 10-20% improvement
in penetrator efficiency over the traditional tungsten heavy alloy
(Conner et al., 2000). This promotes the tungsten fiber reinforced
BMG composite to be used in the defense field. In the past few
years, many studies have been carried out on the macroscopic
properties of this composite. Conner et al. (1998) performed
quasi-static compressive experiments on the tungsten fiber rein-
forced Zryq,Tij38Cui25NijoBeys BMG composite with various

fiber volume fractions. It was found by them that the compressive
failure mode of this composite changes from the shear banding to
fiber buckling as fiber volume fraction increases. The mechanical
properties of tungsten fiber reinforced ZrAINiCuSi BMG composite
under quasi-static compression was investigated by Qiu et al.
(2002). Their experimental results are consistent with the observa-
tions of Conner et al. (1998). Lee et al. (2008) tested the mechanical
properties of the tungsten and STS 304 stainless steel continuous
fiber reinforced BMG composite. Though these two composites
have the similar fiber volume fraction, their failure behaviors are
totally different. The tungsten fiber/BMG composite has a higher
strength but a lower plasticity, while the STS 304 stainless steel
continuous fiber/BMG composite exhibits a lower strength but
higher plasticity. Through the compressive tests of tungsten fiber
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reinforced BMG composite, Zhang et al. (2008) reported that the
shear band patterns in the matrix are different for different fiber
separations. For the matrix with low lateral confinement, the shear
bands are in plane. However, shear bands propagate out-of-plane
in the matrix with high lateral confinement. It can be seen that
the compressive properties of the tungsten fiber reinforced BMG
matrix composite are strongly affected by the microstructure.

For BMG alone, it was proposed by Sunny et al. (2007, 2008,
2009) and Yuan et al. (2007, 2009) that this material is insensitive
to the strain rate. However, besides the microstructure, strain rate
is also found to have noticeable influence on the compressive prop-
erties of the tungsten fiber reinforced BMG matrix composite.
Conner et al. (2000) conducted quasi-static and dynamic compres-
sive  experiments on the tungsten fiber reinforced
Zr412Ti138Cuq25NijoBesn s BMG composite. They found that for
the composite with 60% fiber volume fraction, the failure mode is
fiber splitting, buckling and localized tilting in the quasi-static
case, while at dynamic compression, this composite fails by local-
ized shear banding. They pointed out that the shear becomes the
preferred failure mechanism as strain rate increases, even in sam-
ples with a large volume fraction of reinforcement. These are con-
firmed by the experimental observations of Ma et al. (2008).

The above mentioned investigations suggest that both the
microstructure and strain rate affect the compressive failure
behavior of the tungsten fiber reinforced BMG composite.
However, a number of important questions arise from these obser-
vations. What is the controlling factor for the transition of failure
mode of the composite? How to quantitatively describe the influ-
ence of the microstructure and strain rate on the compressive fail-
ure behavior of this composite? From the experimental
observations, two major micro-damages are observed for this com-
posite. One is shear banding, the other is splitting (Conner et al.,
1998; Qiu et al., 2002; Zhang et al., 2009). It was proposed by
Grady (1992), Grady (1994), Jiang and Dai (2011) that the resis-
tance of materials to shear band propagation can be measured by
the critical plastic energy dissipated in the shear band, which is
affected by the strain rate. The composite contains both the crys-
talline tungsten fiber and amorphous matrix. These two phases
have different intrinsic microstructures and energy dissipation
mechanism of shear banding (Grady, 1992; Grady, 1994; Jiang
and Dai, 2011; Dai, 2012). Thus, the critical dissipation energy in
the shear band of tungsten fiber/BMG composite should depend
on the relative volume ratio of its component phases and strain
rate. Furthermore, it was proposed by Zhang et al. (2006) that
the longitudinal splitting fracture of the composite may be caused
by the transverse tensile strain. From the aspect of energy, it can be
speculated that when the deformation energy stored in the com-
posite overcomes the critical deformation energy, longitudinal
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splitting fracture may occur. Thus, the critical deformation energy
stored in the composite, which is influenced by the tungsten fiber
volume fraction and strain rate, can also measure the resistance to
splitting fracture of the composite. The compressive failure behav-
ior of the composite may be decided by the competition between
the critical energy dissipated in the shear band and the critical
deformation energy stored in the composite, which deserved fur-
ther investigations.

In this study, transverse tensile, quasi-static and dynamic com-
pressive tests were systematically conducted on the tungsten fiber
reinforced Zryq,Tii38Cu;0Nij25Bey s BMG composites with 0%,
40%, 60% and 80% tungsten fiber volume fraction. For each tested
specimen, the shear banding and fracture behavior are carefully
examined by the high-resolution scanning electron microscopy
(SEM) and the high speed camera. Based on the experimental
observations, an energy competition mechanism is developed to
unveil the compressive failure behavior of the composite. The crit-
ical energy dissipated in the shear band and the critical deforma-
tion energy stored in the composite as the functions of fiber
volume fraction and strain rate are obtained. Our results should
assist in comprehensively understanding compressive failure
mechanism, and in guiding microstructure design to enhance the
plasticity of bulk metallic glass composite.

2. Experiments

The chemical composition of the matrix is Zrs; Ti;3.8CuqoNiq25
Be,, 5 (Vit 1). This BMG is obtained by arc-melting the elements Zr,
Ti, Cu, Ni and Be (with a purity of 99.9% or better) together in a
Ti-getterred high-purity argon atmosphere. As-drawn tungsten
fiber, with the nominal diameter of 300 pum, is used as the rein-
forcement. Tungsten fiber/BMG matrix composite is prepared
using infiltration and rapid solidification method. Details of the
casting can be found elsewhere (Dandliker et al., 1998).
Microstructures of the composite with 40%, 60% and 80% tungsten
fiber volume fraction are shown in Fig. 1(a)-(c), respectively.

All the tested specimens are obtained by wire electrical dis-
charge machining the as-cast composite rods using coolant.
According to the previous study (Zhang et al., 2006), the longitudi-
nal splitting fracture of the composite during compression may
relate to the transverse tensile properties. In order to obtain the
transverse tensile properties of the composite, in situ tensile tests
were conducted on the composite with 80% fiber volume fraction
using a FEI Sirion scanning electron microscope (SEM).
Dimensions of the specimen for in situ tension measurement are
shown in the insert of Fig. 2(a). The surfaces of the specimen were
mechanically polished to mirror finish. The fibers in the specimen
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Fig. 3. (a) Stress-strain curves of the composite with different fiber volume fractions under quasi-static compression. (b) Fracture strain of the composite varies with the fiber

volume fraction Vy under quasi-static compression.
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Fig. 4. Deformation process of the composite with 40% V; under quasi-static compression. Imitation and propagation of the shear deformation are also captured by the high

speed camera.

are unidirectionally aligned in the direction perpendicular to the
tensile direction. Quasi-static and dynamic compressive tests were
conducted on the composites with 0% (Vit 1), 40%, 60% and 80%
fiber volume fraction, respectively. Specimens for compression
tests have the same dimensions, which are 5 mm in diameter
and 8 mm in length. The specimen end surfaces are polished to
be parallel to each other and perpendicular to the loading axis.
Quasi-static and dynamic compressive tests were performed on
an MTS-810 material machine and a split Hopkinsion pressure
bar (SHPB), respectively. In quasi-static compressive tests, the
average strain rate, estimated by the velocity of the load head
and sample length, was about 7.0 x 10~4/s. In the SHPB dynamic
compressive experiments, the average strain rate is about
2.0 x 103/s by controlling impact velocity. To better understand
the deformation process of the composite, a high speed camera,
with a maximum framing rate capability of 300 thousand frames
per second is used to capture the quasi-static deformation process.
After testing, the SEM is used to characterize the microscopic
deformation of all specimens.

3. Results
3.1. Transverse tensile tests

Fig. 2(a) shows the results of the transverse tensile tests of the
composite with 80% fiber volume fraction (Vy). No plastic deforma-
tion can be observed before fracture. The transverse tensile
strength of the composite is only about 200-300 MPa.
Comparison of the transverse strength with longitudinal tensile
strength, which is obtained from the previous studies, is shown
in Fig. 2(b). It can be seen that the transverse strength is one order
of magnitude lower than the longitudinal strength. Transverse ten-
sile fracture morphologies are shown in Fig. 2(c) and (d). Layered
fibers are pulled out from the fracture surface, as shown in
Fig. 2(d).

It can be seen from the transverse tensile tests that the tungsten
fiber/BMG matrix composite is not an isotropic material. Actually,
the as-drawn tungsten fiber has fibrous grain structure along the
axial direction (Zhang et al., 2006; Son et al., 2012). It has been esti-
mated that the lateral grain boundary strength of a tungsten fiber
with fibrous grain structure is only about 14% of its axial tensile
strength (Varge et al., 1974). Therefore, the axial properties of
the tungsten fiber are totally different from its lateral properties.
From this aspect, the tungsten fiber/BMG matrix composite can
be regarded as a transversely isotropic material.

3.2. Quasi-static compressive tests

Fig. 3(a) shows the typical stress-strain curves of the composite
with 0% (Vit1 BMG), 40%, 60% and 80% Vjunder a quasi-static strain
rate of 7.0 x 10~%/s. It can be seen that the 0% (Vit1 BMG) and 40%
Vr composites fracture in a brittle manner with limited plasticity.
However, 60% and 80% V; composites exhibit the plastic strain as
high as 20% before failure. The fracture strain of the composite var-
ied with Vyis shown in Fig. 3(b). With the increasing V}, the plastic-
ity of the composite increases. Detailed discussions of each kind of
composite are shown in the following paragraphs.

Fig. 4 shows the deformation process of the 40% V; composite
imaged by the high speed camera. It can be seen clearly that shear
fracture occurs in this composite at the end of deformation. The
evolution of shear deformation is also captured by the high speed
camera. At t =0, shear band initiate at the specimen surface. At
about t=8s, the shear band evolves into the shear crack.
Simultaneously, the stress begins to drop and the composite begins
to lose its load capacity. From this figure, it can be concluded that
the critical time for shear band to propagate in the composite is on
the order of 10°s.

The fracture morphologies of the 40% V;composite are shown in
Fig. 5. Fig. 5(b) shows details corresponding to the area marked in
Fig. 5(a). It can be seen that shear banding in the BMG matrix
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Fig. 5. Fracture morphologies of the 40% V; under quasi-static compression. (a)
Lateral surface of the fractured specimen. (b) Magnified image of the area marked in
(a). (c) Another region on the lateral surface of the fractured specimen. (d) And (e)
Details corresponding to the areas marked in (c). (f) Another area on the lateral
surface, showing the shear fracture of the tungsten fiber.

BMG matrix

induces shear deformation in the tungsten fiber. The shear dis-
placement within shear band in tungsten fiber is about 1.5 pm.
Fig. 5(d) and (e) are magnified SEM pictures corresponding to the
areas marked in Fig. 5(c). At the larger shear displacement, i.e.,
14 pm in Fig. 5(d) and 35 pm in Fig. 5(e), shear bands in the
BMG matrix evolve into shear cracks. These shear cracks induce
more severe shear deformation in the tungsten fiber. However,
shear cracking do not take place in the tungsten fiber. Fig. 5(f)
shows the shear banding in another place of the specimen. Under
the shear displacement of 115 pm, the shear crack crosses through
both the BMG matrix and tungsten fiber. It can be estimated from
Fig. 5 that the critical shear displacement of the tungsten fiber is
about 10! um. Fig. 6 shows details within the shear band in the
tungsten fiber. Under the shear displacement of 30 pm, shear
cracking in the BMG matrix induces shear banding in the tungsten
fiber. Fibrous structure is observed within the shear band of tung-
sten fiber, as shown in Fig. 6(c). This is due to the intrinsic fibrous
microstructure of the as drawn tungsten fiber. Furthermore, it can
be seen from this figure that the width of the shear band in tung-
sten fiber is about 10 pm. Thus, it can be obtained from Fig. 5 and
Fig. 6 that the critical shear strain of the tungsten fiber can be esti-
mated as y = 10" um/10! pm ~10°. Because of the critical time of
shear band evolution is 10° s, the local shear strain rate of the tung-
sten fiber in 40% V; composite is on the order of 10%s.
Deformation process of the 60% V; composite is shown in Fig. 7.
At the strain of 14.8%, splitting occurs in the middle of the speci-
men, as can be seen from Fig. 7(d). Upon further loading, the split-
ting crack propagates towards two ends of the specimen. At 23.4%
strain, the composite begins to soften and loses its load capacity.
The 60% V; composite fractures in the splitting dominated mode.
Fig. 8 shows the fracture morphologies of the 60% V; composite.
From Fig. 8(a), it can be seen that besides splitting fracture, shear
fracture also occurs in the local region of the specimen.
Fig. 8(b), (c) and (e) are magnified images corresponding to the
areas (1)-(3) marked in Fig. 8(a), respectively. Numerous shear
bands can be observed in the BMG matrix, as shown by the arrows
in Fig. 8(c) and (e). However, these shear bands are restrained in

BMG
matrix

W fiber'

Fig. 6. Details of the shear banding in tungsten fiber. (a) Lateral surface of the specimen of composite with 40% V;under quasi-static compression. (b) Details corresponding to
the area marked in (a), showing the shear banding of the tungsten fiber. (c) Magnified image of the marked area in (b), giving the details within shear band of tungsten fiber.
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Fig. 7. Deformation process of the 60% V; composite imaged by the high speed camera under quasi-static compression. (a) Specimen of the composite at the beginning of
deformation. (b) Specimen of the composite at the beginning of yielding. (c) Splitting occurs for the composite. (d) Magnified image of the area marked in (c). (e) Softening

occurs for the specimen and the composite begins to lose its load capacity.

the matrix and cannot cross through the tungsten fiber, as shown
in Fig. 8(d) and (f), which show the details corresponding to the
marked areas in Fig. 8(c) and (e), respectively. This shear band pat-
tern is totally different from that observed in the 40% V; composite.

Fig. 9 shows the deformation process of the 80% Vycomposite. At
a small strain of 5.2%, the splitting occurs in the specimen, as shown
in Fig. 9(d). Finally, the composite fails in the splitting mode. The
fracture morphologies of the 80% V; composite are shown in
Fig. 10. Only splitting fracture can be observed, no shear fracture
occurs. Fig. 10(b) shows the details of splitting crack. Fibrous struc-
ture, which is similar to the pattern of the tungsten fiber under
transverse tension, can be observed. According to the previous
studies (Zhang et al., 2006; Son et al., 2012), the as-drawn tungsten
fiber has extreme texture. It has fibrous grain structure along the
axial direction. It can be seen from the transverse tensile tests that
the lateral tensile strength of a tungsten fiber with fibrous grain
structure is much lower than its axial tensile strength.
Longitudinal compression will create lateral tensile strain, which
results in the propagation of splitting in the composite. Actually,
from Fig. 10(b), it can be seen that the splitting fracture always hap-
pens within the tungsten fiber. In our other work (Chen et al., 2014),
the deformation process of this composite is investigated carefully.
It was found that the splitting initiate within the tungsten fiber near
the fiber/matrix interface region. Fig. 10(c) and (e) are magnified
images corresponding to the areas (1) and (2) marked in

Fig. 10(a), respectively. Similar to the shear band pattern observed
in the 60% V; composite, the shear bands are hindered by the tung-
sten fiber, as shown in Fig. 10(d) and (f).

From the quasi-static compressive tests, it can be seen that with
the increasing V}, failure mode of the tungsten fiber/BMG matrix
composite changes from shear to splitting. Critical stress and strain
of the tungsten fiber/BMG matrix composite under quasi-static
compression are summarized in Table 1. The critical stresses for
splitting of 60% and 80% V; composite are about the same.
However, the critical strain for splitting of the 60% V; composite
is higher than that of the 80% V; composite, indicating splitting
fracture becomes easy with the increasing Vy.

3.3. Dynamic compressive tests

Dynamic stress—strain curves of the tungsten fiber/BMG com-
posite with 0%, 40%, 60% and 80% V; are shown in Fig. 11(a).
Similar to the quasi-static condition, under dynamic compression,
composite with 0% and 40% Vj fail with limited plasticity, while the
60% and 80% Vrcomposite exhibit large plasticity. With the increas-
ing Vj, the fracture strain of the tungsten fiber/BMG composite
increases, as shown in Fig. 11(b).

Under the dynamic strain rate, the 40% V; composite fractures
into many pieces. Since the failure mode can be distinguished by
the fracture morphologies, these pieces are carefully examined
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Fig. 8. Fracture morphologies of the 60% V; under quasi-static compression. (a)
Lateral surface of fractured specimen. (b), (c) and (e) are magnified images of the
areas marked by (1)-(3) in (a), respectively. Multiple shear bands in the BMG matrix
are indicated by the arrows. (d) And (f) show details corresponding to the marked
area in (c) and (e), respectively.

by the SEM. The fracture morphologies of one of these pieces are
shown in Fig. 12. Cell-like vein pattern, which is the typical shear
fracture morphology (Liu et al., 2005b; Jiang et al., 2008b; Martin
et al., 2008), can be observed on the BMG matrix, as shown in
Fig. 12(c). It can be seen from Fig. 12(d) that the tungsten fiber
exhibits a stair-step-like pattern. According to the study by Leber
et al. (1976), this is the typical shear morphology of tungsten fiber.
It can be concluded from these that the 40% V; composite fractures
by shear.

Fig. 13 shows the fracture morphologies of the 60% V; compos-
ite. Shear becomes the dominant failure mode of this composite.
This result is consistent with the observation of Conner et al.
Fig. 13(b), (c) and (e) are details corresponding to the areas marked
by (1)-(3) in Fig. 13(a), respectively. Both in-plane and out-plane
shearing occur for this composite, as can be seen in Fig. 13(b).
Multiple shear bands can be observed in the BMG matrix, as indi-
cated by the arrows in Fig. 13(c) and (e). In some local regions,
shear bands are hindered by the tungsten fiber (Fig. 13(d)).
However, shear banding in the matrix can induce shear deforma-
tion in the tungsten fiber in other local region, as shown in
Fig. 13(f). This is different from that observed under quasi-static
compression.

Fig. 14 gives the fracture morphologies of the 80% V;composite.
Fig. 14(Q) is the lateral morphologies imaged by the optical micro-
scope. It can be seen clearly that the composite fails by splitting
fracture. Fig. 14(c) and (e) are magnified images of the areas
marked in Fig. 14(b) and (d), respectively. Shear bands in the
matrix are indicated by the arrows. Similar to the quasi-static con-
dition, shear bands are constrained in the BMG matrix.

3.4. Information extracted from experiments

The experimental results and observations reveal some crucial
features of tungsten fiber/BMG composite behavior during failure,
as follows:

(1) Transverse tensile strength is one order lower than longitu-
dinal tensile strength, indicating the tungsten fiber/BMG
composite is a transversely isotropic material. This low
transverse tensile strength will lead to longitudinal splitting
of the composite under compression.

(2) The compressive failure behavior of the composite is
affected by both the fiber volume fraction Vrand strain rate.
Under both the quasi-static and dynamic strain rate, with
the increasing Vj, failure mode of the composite changes
from shear to splitting. Furthermore, for 60% V; composite,
with the strain rate increases from quasi-static to dynamic,
splitting dominated fracture shifts to shearing dominated
fracture. This demonstrates that the critical fiber volume
fraction V., corresponding to the transition from shear to
split fracture, increases with the increasing strain rate.
Shearing is more likely to happen at high strain rate.

(3) Two kinds of micro-damage, shear banding and splitting, are
observed under both quasi-static and dynamic compression
of the composite. For composite with low Vj, shear banding
in the BMG matrix can induce shear deformation in the
tungsten fiber. However, shear banding is hindered by the
tungsten fiber for composite with large V;. This reveals that
shear fracture of the composite becomes difficult with the
increasing V. Furthermore, critical strain for splitting of
the 80% V; composite is lower than that of the 60% V; com-
posite, indicating splitting fracture becomes easy with the
increasing V. It can be concluded that the failure mode of
the composite may be determined by the competition
between the shear banding and splitting, which will be dis-
cussed in the next sections.

4. Energy competition mechanism

In this section, an energy competition mechanism is proposed
to characterize the compressive failure behavior of the composite.

It is well known that the shear banding process is a dissipation
system (Zhang et al., 2008; Dai and Bai, 2008; Conner et al., 2004;
Jiang and Dai, 2009; Meyers et al., 2001; Yang et al., 2010; Ruan
et al,, 2011). It will dissipate energy within shear band during its
propagation. Once the energy release overcomes the critical energy
dissipated in a shear band, the shear band will mature as a runway
shear crack. The critical energy dissipated in the shear band there-
fore determines the shear band susceptibility, which measures the
intrinsic resistance of materials to the propagation of shear bands.
In addition, longitudinal compression will create lateral tensile
strain. Once the lateral tensile strain overcomes the critical lateral
tensile strain of the composite, longitudinal splitting will occur.
From the aspect of energy, once the deformation energy overcomes
the critical deformation energy stored in the composite, longitudi-
nal splitting will occur. Thus, the critical deformation energy for
splitting can also measure the resistance of composite to splitting
fracture. Essentially, the competition between shear banding and
splitting can be discussed from the viewpoints of energy dissipa-
tion. For simplicity, in our analysis, it assumes that the composite
behaves elastically when calculating the critical energy.

4.1. Critical shear band dissipation energy

In Grady’s (1992, 1994) work, thermal and momentum dissipa-
tion are considered within the shear band of crystalline alloy. The
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Fig. 9. Deformation process of the 80% V; composite imaged by the high speed camera under quasi-static compression. (a) At the beginning of deformation. (b) Yielding of the
composite. (c) Splitting begins of the specimen. (d) Magnified image of the area marked in (c). (e) Final failure of the composite.

critical energy dissipated per unit area within shear band can be
given by:

pc (9p3c2y3 174
=% "o M
y
where p is the density of the material, « is the thermal softening
coefficient, ¢ and y are bulk specific heat and thermal diffusivity
coefficients, respectively, y is the shear strain rate and 7, is the yield
strength.

In our previous work (Jiang and Dai, 2011), the concept of crit-
ical dissipation energy within shear band was developed in the
BMGs. In addition to conventional thermal and momentum dissi-
pation, the free volume dissipation should be involved due to the
unique atomic structure of BMGs. Actually, Jiang and Dai (2011)
have pointed out that the thermal effect plays a secondary role
in the critical dissipation energy within shear band in BMGs.
Considering the shear band stress softening only due to free vol-
ume creation, the explicit expression of critical energy dissipated
per unit area within shear band can be expressed by

7, [ 9pD? i
I, =2 (2P 2
R (j)ryﬁsz) 2

where S is free volume softening coefficient, D is the diffusion coef-
ficient of free volume concentration, R describes the local dilatation
ability.

Tungsten fiber/BMG composite contains both the crystalline
tungsten fiber and amorphous matrix. Critical energy dissipated
per unit area within shear band of the composite can be obtained
from the tungsten fiber and BMG matrix by the rule of mixture:

Fop = Tw(1 = Vp) + I, V¢ 3)

It can be seen from Eqgs. (1)-(3) that critical dissipation energy
within shear band of the composite is the function of fiber volume
fraction Vr and strain rate ). Substituting the parameters of tung-
sten fiber and Vit 1 BMG into Eqgs. (1)-(3), the critical dissipation
energy within shear band of tungsten fiber/Vit 1 BMG composite
can be obtained at the specific Vy and strain rate 7.

4.2. Critical energy for splitting

It can be seen from the transverse tensile tests that the tungsten
fiber/Vit 1 BMG composite has weak transverse tensile strength,
which leads to low transverse critical tensile strain. Once the lat-
eral strain created by the longitudinal compression overcomes
the transverse critical tensile strain, splitting fracture occurs. It



436 J.H. Chen et al./International Journal of Solids and Structures 69-70 (2015) 428-441

W fiber ——_

> splitting

1mm

(@

W fiber
BMG BMG matrix

~ matrix

W fiber

100um

W fiber
BMG matrix
BMG

/ matrix 57

2

W fiber

W fiber

Fig. 10. Fracture morphologies of the 80% V; under quasi-static compression. (a)
Lateral surface of fractured specimen. (b) Details of the splitting crack of the
composite. (c) And (e) are magnified images of the areas marked by (1) and (2) in
(a), respectively. (d) And (f) show details corresponding to the areas marked in (c)
and (e), respectively. Multiple shear bands are shown by the arrows.

can be also obtained from the experimental results that the tung-
sten fiber/Vit 1 BMG composite can be treated as a transversely
isotropic material. For simplification, the longitudinal direction of
the composite, which is parallel to the fiber direction, is marked
as “1”, while the transverse (lateral) direction of the composite,
which is perpendicular to the fiber direction, is marked as “2”.
The critical deformation energy for splitting will be calculated in
the following paragraphs.

The transverse tensile strength of the tungsten fiber/Vit 1 BMG
composite can be obtained by the rule of mixture:

02 =0m(1—V;)+05Vy (4)

Here, 0, and oy are the transverse tensile strength of the Vit 1
BMG and tungsten fiber, respectively, which are considered to be
independent on the strain rate. Actually, many previous studies
exhibit that the strength of BMG is insensitive to the strain rate,
or the strength of BMG decreases with the increasing strain rate
with a small strain rate sensitivity (Bruck et al., 1996; Subhash
et al., 2002; Li et al., 2003; Sunny et al., 2007, 2008, 2009; Yuan

Table 1
Critical stress and strain of the composite for shear and splitting under quasi-static
compression.

40% V; 60% Vj 80% V;
Critical shear strain 3.2% - -
Critical shear stress (GPa) 1.9 - -
Critical strain for splitting - 14.9% 5.2%
Critical stress for splitting (GPa) - 2.2 2.0

et al., 2007, 2009). Thus, it is reasonable to propose that the trans-
verse strength of the composite is insensitive to the strain rate. The
transverse elastic modulus of the transversely isotropic composite
can be given by

Enk;

=l
2T EVr+ E(1-Vp) )

Emand E; are the elastic modulus of the Vit 1 BMG and tungsten
fiber, respectively. Thus, the transverse critical tensile strain can
be obtained from transverse tensile strength ¢, and elastic modulus
E,, expressed as

_[om(1 = Vy) + 0;Vi] [EnVy + E(1 - V))] 6
= EnE; (6)

The longitudinal compressive critical strain ¢; can be related to
the transverse tensile critical strain & by the Poisson’s ratio vis,
which is given by

Viz = Vm(1 = V) + vV (7)

v and vy are the Poisson’s ratio of the Vit 1 BMG and tungsten fiber,

respectively. Then, ¢; is obtained,

6 — [Om(1 = V§) + 07Vf] [EnVs + Ef(1 — V)] ®)
EnEf[Vin(1 = Vi) + v Vy]

We now introduce the critical energy I'sp stored in the compos-
ite as deformation proceeds to a critical strain &;. Similar to the
concept of critical energy dissipated per unit area within shear
band, I'sp is the deformation energy per unit area within the cross
section of the specimen, identified as

1 1
rsp:§01Al:§E18%l (9)

1 is the length of the tested specimen. E; is the longitudinal elastic
modulus of the composite, as given by

Ey = En(1- V) + EV; (10)

Egs. (8)-(10) give the analytical expression of the critical energy
T'sp for splitting. In this study, I'sp is only the function of the fiber
volume fraction V. This is due to that the transverse strength of
the composite is considered to be insensitive to the strain rate,
as shown in Eq. (4). The critical energy I'sp at a given V; can be
obtained by substituting the parameters of the Vit 1 BMG and
tungsten fiber into Eqgs. (8)-(10).

4.3. Competition between the two critical energies

The thermodynamic parameters of tungsten fiber are given in
Table 2. Using these parameters and Eq. (1), the critical energy dis-
sipated within the shear band of crystalline tungsten fiber I'; can
be calculated. In our previous work (Jiang and Dai, 2011), based
on Eq. (2), the critical energy dissipated within the shear band of
Vit1l BMG I'y, is obtained. Substituting I', and I'y into Eq. (3), we
obtain that the critical energy dissipated within the shear band
of tungsten fiber/Vit 1 composite I'sz varies with the fiber volume
fraction V; under different strain rates, as shown in Fig. 15.
Strength, Poisson’s ratio and elastic modulus of the tungsten fiber
and Vit 1 BMG are shown in Table 3 (Conner et al., 1998).
Substituting these parameters into Egs. (8)-(10), the critical energy
for splitting of the tungsten fiber/Vit 1 composite I'sp as a function
of fiber volume fraction V; can also be obtained, which is shown in
Fig. 15.

It can be seen from Fig. 15 that under a specific strain rate, the
critical energy dissipated within the shear band of tungsten
fiber/Vit 1 composite I'sg increases with the increasing fiber vol-
ume fraction V. This indicates that the resistance to the shear band
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Fig. 11. (a) Stress-strain curves of the composite with different fiber volume fractions under dynamic compression. (b) Fracture strain of the composite varies with the fiber
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Fig. 12. Fracture morphologies of the 40% V; under dynamic compression. (a) Top-view of the fractured specimen. (b) Magnified image of the marked area in (b). (c) And (d)

show details corresponding to the areas marked in (b).

propagation of the composite increases with the increasing fiber
volume fraction, i.e., shear banding becomes more difficult for
the composite with high fiber volume fraction. However, with
the increasing fiber volume fraction, the critical energy for splitting
of the tungsten fiber/Vit 1 composite I'sp decreases, indicating that
the composite with high fiber volume fraction has a weaker resis-
tance to splitting. I'sp and I's intersect at a critical fiber volume
fraction V.. For Vi<V, T'sp is higher than I'sz. This indicates that
splitting fracture needs more energy to be activated. In this case,
shear banding would be more active than splitting. Thus, shear
banding will dominate the deformation of the composite. For
V;> V., the energy needed for shear banding overtakes that needed
for splitting, indicating splitting would be easier to take place than
shear banding. Thus, splitting will become the dominant failure
mode of the composite. V. is the critical fiber volume fraction for
shear-split fracture transition.

Under quasi-static compression, the local strain rate can be
obtained from the deformation process recorded by the high speed

camera and SEM observations, which is on the order of 10°/s.
Under this strain rate, the variation of I's and I'sp with the fiber
volume fraction Vf can be obtained from Egs. (1)-(3) and (8)-(10),
respectively, as plotted in Fig. 16. With the increasing fiber volume
fraction V;, I'sg increases, while I'sp decreases. These indicates that
the resistance to shear banding of the composite increases but the
resistance to splitting decreases with the increasing fiber volume
fraction V; This is consistent with the experimental results, as
shown in Table 1. I's; and I'sp intersect at the 62% V; For
V;<62%, I'sp is higher than I'sz. Shear banding would be more
active than splitting. This illustrates why the composite with 0%
Vy and 40% V; fails by shear banding under quasi-static compres-
sion. For composite with 60% Vj, the energy needed for shear band-
ing and splitting are about the same. In this case, the composite
will fracture in a mixed mode, as shown in Fig. 8(a). However, split-
ting will dominate the fracture finally. For Vy> 62%, I'sp becomes
lower than I'sg. This indicates that more energy is needed for shear
banding than that needed for splitting. Splitting becomes dominant
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failure mode of the composite. Thus, the composite with 80% V;
fails in the splitting mode. The critical fiber volume fraction for
shear banding-splitting fracture transition is about 60% under
quasi-static strain rate.

For composite under dynamic compression, it is difficult to
obtain the exact value of local shear strain rate. However, it can
be seen from Fig. 15 that under the high strain rate, there still exist
the competition between the shear banding and splitting. Similar
to the quasi-static case, for composite with Vylower than the crit-
ical fiber volume fraction V,, critical energy dissipated within the
shear band I'sz is lower than critical energy for splitting I'sp, shear
banding will occur. For composite with Vf higher than the V, I'ss
increases and becomes higher than I'sp. Composite will fail by
splitting fracture in this case. This is consistent with the experi-
mental results observed under dynamic compression.

Another factor to affect the failure behavior of the composite is
the strain rate. Under quasi-static loading, composite with 60% V;
failure in splitting dominated mode. However, as the strain rate
increases to dynamic case, shear dominated fracture occurs for
the 60% V; composite. With the increasing strain rate, the critical
energy dissipated within shear band of the composite will
decrease, as shown in Fig. 15. This leads to higher critical fiber vol-
ume fraction V, for shear banding-splitting fracture transition. The
V. varies with the strain rate is shown in Fig. 17. It can be seen from
this plot that V. increases with increasing strain rate. This demon-
strates that for the composite with a specific fiber volume fraction
V}, shear banding is more likely to occur under high strain rate. This
illustrates the reason for the transition of failure mode from split-
ting dominated mode in quasi-static strain rate to shear dominated
mode under dynamic loading for the 60% V; composite.
Furthermore, from Fig. 17, it can be concluded that 80% V; compos-
ite can failure by shear under the strain rate high enough. This
shear banding will lead to “self-sharpening” behavior of the com-
posite under ballistic impact, and penetrator performance can be
improved significantly (Conner et al., 2000).

W fiber

Fig. 14. Fracture morphologies of the 80% V; under dynamic compression. (a) Lateral surface of fractured specimen under optical microscope. (b) And (d) are magnified
images of the areas marked in (a), respectively. (c) And (e) show details corresponding to the areas marked in (c) and (e), respectively. Multiple shear bands are shown by the

arrows.
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Table 2

Thermodynamic parameters of the tungsten fiber.
p (kg/m®x 10°)  c(J/kgK) a(Kx10™) y(m%*sx107°) 1, (GPa)
193 130 7.0° 6.51 1.36°

¢ From tungsten alloy.
b Calculated from longitudinal tensile stress.
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Fig. 15. Critical energy dissipated within shear band of the composite I's; and
critical energy for splitting of the composite I'sp vary with the fiber volume fraction
Vr under different strain rates.

Table 3
Physical properties of the tungsten fiber and Vit 1 BMG.
Vitl BMG W fiber
Elastic modulus (GPa) 96 410
Poisson’s ratio 0.36 0.28
Tensile strength (GPa) 1.8 0.3°
? Transverse tensile strength.
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Fig. 16. Competition between I's; and I'sp of the composite under quasi-static
compression.

The presented energy competition mechanism may increase
our understanding on the compressive failure behavior of the tung-
sten fiber/Vit 1 BMG composite. From this energy competition
mechanism, it can be obtained that with the increasing fiber vol-
ume fraction Vj, the deformation dominated by the critical energy
dissipated within shear band I'sz will change to that under the con-
trol of the critical energy for splitting I'sp in the composite, and the
failure mode will transform from localized shear to split. The plas-
ticity improves significantly with the increasing V. If we want to
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T
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Fig. 17. Critical fiber volume fraction V. for shear-split transition of the composite
varies with strain rate.

get considerable plasticity of this composite under the specific
strain rate, the Vy should be higher than the critical fiber volume
fraction V., which depends on the properties of the tungsten fiber
and BMG matrix. However, under high speed impact, we expect
that the shear banding occurs for the composite with 80% V. This
will improve the penetrator performance of the composite. In this
case, the impact speed should be high enough to make the critical
fiber volume fraction V. higher than 80%. Otherwise, the 80% V;
composite will fail by splitting and lose its penetrator performance.

The energy competition mechanism can well characterize the
compressive failure behavior of the tungsten fiber/Vit 1 composite.
However, attention should be paid on the following aspects. (i)
During the shear banding, fibrous fracture occurs along (or within)
the shear band of tungsten fiber. This is due to the fibrous
microstructure along the fiber direction. These new surfaces for-
mation will consume more energy in the shear band, which may
increase the critical energy dissipated within the shear band. (ii)
In the current model, only elastic deformation energy is considered
when calculating the critical energy for splitting, whereas yielding
of the composite may occur in the experiments when splitting
begins. The yielding of the composite may consume some energy
and thus decreases the critical energy for splitting. Actually, in
the fiber reinforced polymer composite, non-linear behavior of
material was introduced by Steif (1987) and Drapier et al. (1999)
to analyze the compressive strength of the composite. It was found
by them that the compressive strength is lower than the results
based on the elastic analysis which was proposed by Rosen
(1964). This suggests that the critical energy for splitting may be
reduced by taking the non-linear behavior into account, which
deserves a further study in our later work.

5. Conclusions

Transverse tensile, quasi-static and dynamic compressive tests
were conducted on the tungsten fiber reinforced
Zr41,Tiq38CuqoNijo5Bess s bulk metallic glass COmpOSite with vari-
ous fiber volume fractions. The transverse tensile tests show that
this composite is a transversely isotropic material. Both the fiber
volume fraction and strain rate are found to affect the compressive
failure behavior of this composite, which is further characterized
by a proposed energy competition mechanism. The competition
between the critical energy dissipated within shear band I'sz and
critical energy for splitting I'sp is found to decide the compressive
failure behavior of the composite. Under the specific strain rate, I'sg
dominates the deformation of the composite with low fiber volume
fraction Vj, and shear banding occur, while for composite with high
fiber volume fraction Vj;, I'sp becomes the dominant factor of the
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composite, splitting fracture occurs. Furthermore, the critical fiber
volume fraction V. for shear banding-splitting fracture transition
increases with the increasing strain rate, indicating shear banding
is more likely to occur for the composite under high strain rate. The
proposed energy competition mechanism can well characterize the
compressive failure behavior of the tungsten fiber/Vit 1 composite.
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